Nine participants stood quietly for 30 s while the activity of the soleus, biceps femoris, lumbar erector spinae, tibialis anterior, rectus femoris, and rectus abdominis muscles were recorded using surface electrodes. Intermuscular (EMG-EMG) coherence was estimated for 12 muscle pairs formed by these muscles, including pairs formed solely by either posterior, anterior, or mixed (one posterior and one anterior) muscles. Intermuscular coherence was only found to be significant for muscle pairs formed solely by either posterior or anterior muscles, and no significant coherence was found for mixed muscle pairs. Significant intermuscular coherence was only found within a distinct frequency interval bounded between 1 and 10 Hz when visual input was available (OEs trials). The strength of correlated neural inputs was similar across muscle pairs located in different joints but executing a similar function (pushing body either backward or forward) suggesting that synergistic postural groups are likely formed based on their functional role instead of their anatomical location. Absence of visual information caused a significant decrease in intermuscular coherence. These findings are consistent with the hypothesis that correlated neural inputs are a mechanism used by the CNS to assemble synergistic muscle groups. Further, this mechanism is affected by interruption of visual input.
Introduction
Execution of the bipedal stance posture involves many mechanical challenges imposed by the design of our skeletal system. For example, the vertical orientation of the head-leg-trunk segments, the high center of mass, the Abstract Standing upright requires the coordination of neural drives to a large set of muscles involved in controlling human bipedal stance (i.e., postural muscles). The coordination may deteriorate in situations where standing is performed under more challenging circumstances, such as standing on a smaller base of support or not having adequate visual information. The present study investigates the role of common neural inputs in the organization of multimuscle synergies and the effects of visual input disruption to this mechanism of control. We analyzed the strength and distribution of correlated neural inputs (measured by intermuscular coherence) to six postural muscles previously recognized as components of synergistic groups involved in the maintenance of the body's vertical positioning. Two experimental conditions were studied: quiet bipedal stance performed with opened eyes (OEs) and closed eyes (CEs).
large number of joints, and the narrow base of support all introduce mechanical instability that needs to be counterbalanced by the precise activation of multiple muscles spanning across multiple joints (ankle, knee, hip, and intervertebral joints). Therefore, the central nervous system (CNS) is posed with the task of coordinating the activation of all these muscles.
Previous studies have provided important insights into the principles of multi-muscle control, including evidence that the CNS unites muscles into functional groups (synergists) to reduce the number of control variables and to use these muscle groups as the basic elements of control (Bernstein 1967 , reviewed in Latash 2008 . According to this perspective, the control of the human bipedal stance can be represented by a hierarchical scheme composed of at least two levels: a lower level where these functional groups are formed and a higher level where these groups are activated in a synergistic fashion to control physical variables directly related to task execution . Several experimental findings support this proposition: For example, Krishnamurthy et al. (2003a) reported that during the execution of vertical stance associated with a whole-body voluntary sway, three major functional muscle groups co-varied their magnitude to provide a stable trajectory of the position of the body's center of pressure (COP). These authors used principal component analysis to identify these muscle groups and introduced the term muscle mode (or M-mode) to describe them. One may view M-modes as "virtual muscles" that are manipulated at a higher level of the control hierarchy for the control of relevant task variables. The M-modes identified were as follows: a posterior M-mode formed by posterior postural muscles (soleus, biceps femoris, semi tendinous, lumbar erector spinae, and gastrocnemius), an anterior M-mode formed by anterior postural muscles (tibialis anterior, vastus medial's, vastus lateralis, rectus femoris, and rectus abdominis muscle), and a third M-mode often formed solely by the rectus abdominis muscle (Krishnamurthy et al. 2003a ). These findings have been replicated by others, although the neural mechanisms related to their formation remain unclear (Krishnamurthy 2003b; Wang et al. 2005; Danna-dos-Santos et al. 2007 .
Recently, we investigated the role of correlated neural inputs as a neural mechanism by which the CNS coordinates the activation of synergistic muscles forming only one of these M-modes (Danna-dos-Santos et al. 2014 ). More specifically, we employed measures of intermuscular coherence between pairs of EMG signals composing the posterior M-mode (soleus, biceps femoris, and lumbar erector spinae muscles) and confirmed the presence of correlated neural inputs to all three muscles. In order to further understand this mechanism, investigations involving additional muscles and experimental conditions are still necessary.
The first goal of the present study was to expand our previous investigations and include the analysis of both anterior and posterior M-modes (two major synergistic groups involved in quiet standing control). It was only by the inclusion of an additional major M-mode that allowed us to investigate the role of common neural inputs in the formation of multi-muscle synergistic groups. We hypothesized that muscles comprising each of these synergistic groups would be coordinated by correlated neural inputs (Gibbs et al. 1995 ) and hence will exhibit significant values of intermuscular coherence.
The second goal was to investigate the effect of visual information on intermuscular coherence. Visual information contributes considerably to the control of bipedal stance; e.g., poor or absent visual input has a detrimental effect on postural stability (Allum and Pfaltz 1985; Fitzpatrick et al. 1992; Simoneau et al. 1992; Schumann et al. 1995; Wood et al. 2009 ) and manipulation of the visual environment mimicking motion of the visual environment can induce changes to the dynamics of postural sway (Lee and Lishman 1975; Schöner 1991; Dijkstra et al. 1994a, b; Polastri and Barela 2013; Barela et al. 2014 ). In the absence of vision, intermuscular coherence at 0-5 Hz between bilateral leg muscles was reduced during quiet standing (Boonstra et al. 2008) . Here, we investigate the absence of visual input interferes with the generation of common neural inputs to muscles forming the anterior and posterior synergistic groups reported by Krishnamurthy et al. (2003a) . We expect that a disruption of visual information will result in a significant reduction of correlated neural inputs, leading to significantly reduced intermuscular coherence across synergistic muscles.
Methods

Participants
Nine healthy adults (5 females and 4 males, 26.0 ± 2.7 years, 175.8 ± 13.2 cm height, 81.7 ± 22.8 kg weight) participated voluntarily in this study. All participants were healthy and had no history of neurological or muscular disorder. All participants were right-handed and right-footed based on their preferred hand for writing and eating, and foot for kicking a soccer ball. Prior to participation, all participants voluntarily gave their informed consent based on the procedures approved by the Institutional Review Board at The University of Montana and conformed to The Declaration of Helsinki.
Apparatus
A force platform (AMTI BP400600, AMTI Inc.) was used to acquire the body's COP coordinates in anterior-posterior 1 3 (COPap) and medial-lateral directions (COPml). Features of the COP were included on this study due to its relation to low-frequency EMG modulation (Gatev et al. 1999; Mochizuki et al. 2006) .
Active surface electrodes (Delsys Bagnoli single differential DE-2.1) were used to record the activity of the following muscles: soleus (SOL), biceps femoris (BF), lumbar erector spinae (ERE), tibialis anterior (TA), rectus femoris (RF), and rectus abdominis (RA). These electrodes were placed on the right side of the body over the muscle bellies according to Criswell (2010) and in a similar fashion to previous studies (Danna-dos-Santos et al. 2007 . The distance between electrode pairs was kept at 1 cm, and a total area of surface recording was of 10 mm 2 for each electrode. A reference electrode was placed over the lateral aspect of the left fibular malleolus. EMG signals were amplified (1,000×) and band-pass filtered (6-500 Hz). All signals were sampled at 1.2 kHz with a 12-bit resolution.
Experimental procedures
All participants performed four independent quiet standing trials. Two trials were performed with opened eyes (OEs) and two with closed eyes (CE). To avoid any possible effects of CE trials on the distribution of common neural inputs recorded during OEs trials, OEs trials were performed first. During OEs trials, participants were instructed to stand on the force platform with their feet parallel and 15 cm apart. The position of the feet was determined, so the center of the base of support area was closely aligned with the center of the force plate surface. To avoid any discrepancies between feet positioning across trials, the initial feet position was marked on the top of the platform and subjects were asked not to move their feet during the entire data recording (approximately 6 min). Participants were instructed to cross their upper limbs against the chest and focus their vision to a physical static point placed at eyes height and at a distance of approximately 2 m. Once participants were in this position, they were asked to remain steady for 35 s keeping their body as vertical as possible and to distribute their body weight evenly between the two feet. Equal distribution of the weight was verified on-line by the investigators (via force plate feedback available only to research personnel). To avoid recording of any transient effects, the first 5 s were discarded and the remaining 30 s were analyzed. Participants were barefoot during the entire experiment. An inter-trial interval of 60 s was provided for participants to relax and change position. The total duration of the experiment, including preparation and placement of electrodes, explanation of the task, and data recording was approximately 25 min and none of the participants reported fatigue as an issue.
Data processing
All signals recorded (COP and EMG signals) were analyzed off-line with custom-written software routines (Matlab R2012b, The MathWorks). COPap and COPml coordinate signals were filtered with a 20-Hz low-pass, second-order, and zero-lag Butterworth filter before further processing. All COP coordinates were normalized by subtracting COP signals from its average position calculated over the 30-s recording time.
Analysis of COP behavior
The elliptical area containing 95 % of the COP path (Area), and the ranges, and mean velocities in both directions (Range COPap, Range COPml, MVCOPap, and MVCOPml, respectively) were calculated. We also calculated the mean power frequency (MPF) and the maximum frequency containing 80 % of the power spectral density (F80) of the COPap signal. Measures of frequency were only extracted from COPap due to the fact that the muscles recorded act mostly to move the body's COP in the anterior-posterior direction. Computational methods regarding these variables followed the procedures described by Duarte and Freitas (2010) . In summary, the variable Area was estimated by fitting an ellipse to the COP set of coordinates (COPap vs. COPml) by means of principal component analysis where the two main axes of the ellipse were found from the resulting eigenvalues of the covariance matrix between COPap and COPml. The length of both axes was optimized to include 95 % of the COP coordinates. The variable Range was computed separately for COPap and COPml signals by subtracting the largest and smallest coordinate values recorded in a single trial. Mean velocities were also computed separately for COPap and COPml. This variable was estimated by computing the average displacement calculated between recorded samples. MPF and F80 were obtained by first computing the periodogram for the COPap signal (Welch's method and 0.033 Hz resolution) and, based on this periodogram, the frequency band containing 50 and 80 % of the spectral power were recognized (MPF and F80, respectively) .
Three parametric tests were used to test the possible effect of vision impairment on these variables. Specifically, a one-way ANOVA with factor Vision (OEs and CE) was performed on variable Area; a two-way MANOVA with factors Vision (OEs and CE) and Direction (COPap and COPml) on variables Range and Mean Velocity; and a oneway MANOVA was performed with factor Vision (OEs and CE) on variables MPF and F80.
Time domain analysis of EMG signals
EMG signals recorded from all six muscles were submitted to two time domain analyses. The first analysis quantified the relative amplitude of activation of each muscle during the execution of OEs and CEs trials by computing a relative index of muscle activation (IEMG) as follows. First, EMG signals from OEs and CEs trials were visually inspected to verify the presence of any signal artifacts. The signals recorded were then filtered (20-Hz high-pass, second-order, zero-lag Butterworth filter) and full-wave rectified. Each signal from CE trials was integrated over its trial length and normalized by similar integrals performed on EMG signals from OEs trials. This analysis was used to confirm that all muscles recorded had comparable magnitude of activation across the execution of the two experimental conditions.
The second analysis quantified the patterns of multimuscle activation that participants utilized during CE. This analysis was performed by a vectorial comparison run separately for the anterior and posterior group of muscles (TA, RF, RA and SOL, BF, ERE, respectively). This step was to assure that all participants used similar patterns of muscle activation in both experimental conditions. To this end, we determined the degree of similarity between patterns of muscle activation based on the cosine of the angle between pairs of muscle activation patterns vectors obtained for OEs and CEs trials. These vectors were assembled using the normalized IEMGs Danna-dos-Santos et al. 2007 , 2010 . The cosine of the angle betweenpairs of vectors quantifies the degree of similarity in their spatial orientation from 0 to 1, where the former indicates perpendicularity (dissimilarity) and the latter indicates parallelism (similarity). More specifically, values closer to 1 indicate more similar activation patterns during the execution of the two experimental conditions.
Frequency domain analysis of EMG signals
EMG signals were analyzed in the frequency domain by computing estimations of intermuscular coherence (EMG-EMG coherence; Grosse et al. 2002) between muscle pairs separately (single-pair estimations) and combined (pooled estimations). Intermuscular coherence was estimated using rectified EMG. Experimental and computational studies have shown that rectified EMG is optimal for assessing intermuscular coherence at low force levels (Boonstra and Breakspear 2012; Farina et al. 2013; Ward et al. 2013) , as required during quiet standing. All analyzes were performed following similar procedures reported by Poston et al. (2010) . One important aspect of the experimental design was to ensure our investigation followed the functional relationship of the muscles recorded, more specifically those muscles forming both posterior and anterior M-modes. In order to emphasize the functional role of the distribution of common neural inputs, we also computed intermuscular coherence from pairs of EMG signals recorded from muscles with no synergistic relation (mixed group, Table 1 ). It is the inclusion of these muscle pairs that allowed us to support our claim that common neural inputs are (1) involved in the formation of multi-muscle synergistic groups and (2) these groups are formed according to their functionality in controlling the anterior and posterior oscillatory body movements. These claims can only be made in case we compare quantities obtained from the anterior and posterior groups to a group formed by the combination of muscles not as mechanically effective to the execution of the motor task (in our case the mixed group).
We did not include any mixed pairs of antagonists acting upon the same joint(s) (SOL/TA, BF/RF, and ERE/RA). Agonist/antagonist pairs are recognized for their levels of coupling between EMG signals (Hansen et al. 2002) , and they would interfere with our goal of comparing the strength of the correlated neural inputs between signals obtained from muscles forming the anterior and posterior synergist groups and those pairs of non-synergistic muscles (mixed group). Agonist/antagonist pairs are the focus of a separate investigation.
Single-pair estimations
Rectified EMG signals from the two trials collected under each experimental condition were concatenated to create a single time series (60 s; 72,000 data points). Concatenation is a standard procedure used to increase the reliability of coherence estimation (Amjad et al. 1997; Maris et al. 2007; Poston et al. 2010) , and intermuscular coherence was estimated for pairs of EMG signals by normalizing the cross-spectrum of two EMG signals (fxy) squared by the product of the autospectrum of each signal (fxx and fyy) at each frequency (λ): Intermuscular coherence estimates were obtained from non-overlapping 1-s data segments (i.e., 1,200 samples per segment), resulting in a frequency resolution of 1 Hz. The frequency range analyzed in this study was bounded from 0 to 55 Hz and coherence estimates were considered statistically significant when they exceeded the confidence limit of the null distribution, as proposed by Rosenberg et al. (1989) . The confidence limit at α = 0.05 and for the number of disjoint segments (L) was determined by
In order to compare coherence estimations across participants and different experimental conditions, all estimates were z-transformed by computing the Fisher transformation of the estimates as proposed by Rosemberg et al. (1989) and Amjad et al. (1997) where x is the coherence estimate.
Analysis of the frequency distribution of correlated neural inputs was achieved by identifying frequency intervals showing significant coherence. The frequency intervals of interest used for further analysis were determined by the frequency intervals showing significant coherence. Quantification of the strength of correlated neural inputs was achieved by computing the integrals within the frequency intervals of interest. These integrals were obtained after all estimates were transformed into z-scores.
Three parametric tests were used to test the possible effect of vision impairment to the strength of correlated neural inputs for the posterior and anterior muscle pairs separately. Specifically, a two-way ANOVA with factors Vision (OEs and CE) and Muscle Pair (SOL/BF, SOL/ERE, and BF/ERE) and variable Integral (integral computed on coherence estimation profiles within 1-10 Hz range) was used for posterior muscle pairs. A similar ANOVA was employed only for the anterior muscle pairs (TA/RF, RF/RA, and TA/RA). Due to the effects found for RF/RA (see "Results"), a third two-way ANOVA was employed with factors Vision (OEs and CEs) and Muscle Pair (TA/RF and TA/RA) and the same variable Integral.
Pooled coherence estimations
Three pooled coherence analyses were performed separately. The first included the three pairs of posterior muscles (SOL/BF, SOL/ERE, and BF/ERE-posterior group; see Table 1 ). The second analysis included the three pairs of anterior muscles
(TA/RF, TA/RA, and RF/RA-anterior group). The third analysis included all six pairs formed by one posterior and one anterior muscle (mixed group). Pooled coherence estimates are considered a weighted average of individual coherence estimates and can be used to increase statistical power. That is, we assume that all muscles forming a single muscle mode share the same neural inputs. Estimates of pooled coherence were obtained as proposed by Amjad et al. (1997) :
Analysis of the frequency distribution and strength of correlated neural inputs obtained from pooled coherence calculations were also based on the determination of frequency bands of interest and the calculation of integrals within these frequency bands. To test the possible effect of vision impairment to these integrals and among the three muscle groupings mentioned (posterior, anterior, and mixed), a two-way ANOVA with factors Vision (OEs, CEs) and Muscle Grouping (Posterior, Anterior, and Mixed) was performed on the variable Integral. All parametric tests mentioned were performed keeping levels of significance at 5 % (α = 0.05). All tests were performed by the IBM SPSS statistics software suite (version 20, IBM ® SPSS).
Results
COP behavior: general features
In general, the COP of all participants oscillated more and faster in the closed-eye (CE) condition. 
Muscle activation: time domain analysis
As expected, all participants performed both visual conditions with ease. They also used similar muscle activation levels across the two experimental conditions. Figure 2a shows the rectified EMG recordings for all six muscles obtained from a representative participant during the execution of OEs (left column) and CEs trials (right column). Figure 2b shows the average across subjects for IEMG indices. The observed averages for IEMG were close to 1 and confirm that participants generally employed similar magnitudes of activation in both conditions (this measure describes a ratio between the integrals of EMG signals recorded during OEs and CEs). Participants also employed comparable patterns of muscle activation in both experimental conditions as shown by the vector analysis that revealed large cosine values across participants with very little deviation (posterior group = 0.979 ± 0.022 and anterior group = 0.971 ± 0.057). Figure 3a shows average pooled coherence across participants computed across the three muscles pairs formed between SOL, BF, and ERE in the OEs and CEs conditions (black and gray traces, respectively). Pooled coherence was significant within the frequency interval of 1-10 Hz during the execution of OEs trials, and a considerable drop in coherence was observed in the CE condition. Based on this finding, the frequency of interest was determined between 1 and 10 Hz. A similar effect was found for the estimates calculated across the signals recorded from the anterior muscle pairs (Fig. 3b) . Results for the pooled coherence analysis performed for muscle pairs formed by one posterior and one anterior muscle (mixed group) are shown in Fig. 3c . Note that in contrast to the posterior and anterior M-modes, no significant intermuscular coherence was observed across all frequencies. The averages and SD across participants for the integrals calculated for the frequency band of interest are displayed in Fig. 4 . Reduced common neural inputs in the CE condition (observed for the anterior and posterior muscle pairs) was confirmed statistically [Vision F (1,48) = 11.958, p = 0.001; Muscle Grouping F (2,48) = 11.448, p = 0.000]. The interaction of these two factors was significant [F (2,48) = 2.875, p = 0.066]. Follow-up Tukey's pair-wise comparisons confirmed significantly higher coherence for anterior and posterior muscle groups compared with the mixed group (p < 0.0005 and p = 0.017, respectively). Since no significant coherence was observed for the mixed group of EMG signals, only the results for the posterior and anterior groups are presented in the following section.
Muscle activation: frequency domain analysis
Pooled coherence
Single-pair coherence (posterior group)
Figure 5 (Panels A, C, and E) shows the average intermuscular coherence spectra for each muscle pair (SOL/BF, SOL/ERE, and BF/ERE) within the frequency range of 0-55 Hz. Single-pair estimates revealed significant coherence within the 1-to 10-Hz frequency interval during OEs condition. Similar to the pooled coherence estimates, the single-pair estimates for all three posterior muscle pairs revealed a significant decrease in coherence in the CE condition. The averages and SD across participants for the integrals computed for these muscle pairs are shown in Fig. 6a . These observations were corroborated by the two-way ANOVA that showed a significant effect of We believe that the lack of a significant effect of Vision was caused by including the muscle pair RF/RA into this analysis. Therefore, the second two-way ANOVA run excluding the RF/RA data confirmed a significant effect of Vision [F (1,32) 
Discussion
This study confirmed the presence of common neural input to postural muscles forming synergies intended to control bipedal quiet stance. Specifically, a group formed by the posterior muscles SOL, BF, and ERE and a group Fig. 3 a Averages across participants of the pooled coherence (expressed in z-scored pooled coherence profiles) obtained for all pairs formed between posterior muscles (SOL soleus, BF biceps femoris, and ERE erector spinae) during the execution of opened-eye (OEs, in black line) and closed-eye (CEs, in gray line) conditions. Dotted gray line depicts the 95 % confidence level. Note that the area of the profile between 0 and 10 Hz was consistently above the line of confidence for OEs and therefore was considered significant. Based on this observation, the integrals of the same interval were computed, normalized, and compared with each other. b Averages across participants of the pooled coherence (expressed in z-scored pooled coherence profiles) obtained for all pairs formed between anterior muscles (TA tibialis anterior, RF rectus femoris, and RA rectus abdominis). c Averages across participants of the pooled coherence (expressed in z-scored pooled coherence profiles) obtained for all pairs formed between one anterior and one posterior muscle (pairs are described in Table 1 ) Fig. 4 Averages and SD across participants of pooled coherence estimate integrals computed over the frequency interval of 1-10 Hz for muscle pairs formed by either only posterior muscles (Posterior), or only anterior muscles (Anterior), or one anterior and one posterior muscle (mixed) during the execution of opened-eye (OEs, in black bars) and closed-eye (CEs, in gray bars) conditions formed by the anterior muscles TA, RF, and RA showed significantly stronger coherence compared with a set of EMG signals formed by a mix of anterior and posterior muscles (considered here as non-synergistic). Significant intermuscular coherence was only observed within a frequency interval of 1-10 Hz and a significant decrease in intermuscular coherence when the same task was performed in the absence of vision, confirming the hypothesis Fig. 5 a, c, d Averages across participants of the intermuscular coherence (expressed in z-scored single-pair coherence profiles) obtained separately for each pair of posterior muscles (SOL/BF, SOL/ ERE and BF/ERE) during the execution of opened-eye (OEs, in black line) and closed-eye (CEs, in gray line) conditions. b Averages across participants of the intermuscular coherence (expressed in z-scored single-pair coherence profiles) obtained separately for each pair of anterior muscles (TA/RF, TA/RA and RF/RA) during the execution of opened-eye (OEs, in black line) and closed-eye (CEs, in gray line) conditions. On both panels dashed gray line notes the confidence level for no significant intermuscular coherence Fig. 6 a Averages and SD across participants of single-pair estimate integrals computed over the frequency interval of 1-10 Hz for all three posterior muscle pairs (SOL/BF, SOL/ERE and BF/ERE) during the execution of opened-eye (OEs, in black bars) and closed-eye (CEs, in gray bars) conditions. Note The significantly smaller area obtained for all pairs under the execution of CEs experimental condition. b Averages and SD across participants of single-pair estimate integrals computed over the frequency interval of 1-10 Hz for all three anterior muscle pairs (TA/RF, TA/RA and RF/RA) during the execution of opened-eye (OEs, in black bars) and closed-eye (CEs, in gray bars) conditions. Note The significantly smaller area obtained for two pairs (TA/RF and TA/RA) under the execution of CEs experimental condition 1 3 that a short-term interruption of visual input affects the generation of common neural inputs. Following, we discuss our findings and their implications to the multi-muscle control of bipedal stance.
Control of the human's bipedal stance requires the coordination of multiple muscles with temporal, spatial, and magnitude precision. However, due to the large number of muscles involved, upright stance can be achieved by a large number of combinations of muscular outputs. This redundancy, while allowing flexibility to perform a motor action, also mandates that the CNS masters the very many degrees of freedom (Turvey 1990) . Many have suggested that in order to deal with this large number of variables, the CNS unites these elements according to their function and then controls them in a synergistic and goal-directed fashion (Scholz and Schöner 1999; Gelfand and Latash 2002) . According to this perspective, motor control reflects a hierarchy where the lower primary level represents the formation of these groups, while a higher secondary level represents a stage where these newly created groups are used as control elements. This notion of synergies has been used with respect to the control of movement in a variety of species ranging from spinal frogs, to cats, and humans (d'Avella et al. 2003) . Several approaches and techniques have emerged to capture possible patterns of muscle activations and their role regarding the dynamics of a certain action. For example, the framework of the uncontrolled manifold hypothesis (UCM) was developed from the principle of motor abundance proposed by Gelfand and Latash (2002) and aimed to provide an operational method to recognize and quantify multi-elements synergies (Scholz and Schöner 1999) . This approach has been used to investigate multi-muscle synergies involved in the task of standing up (Krishnamurthy et al. 2003a, b) . Results revealed that a set of synergistic groups were consistently activated; among them, a posterior group is formed by muscles spanning across several major joints (ankle, knee, hip, and intervertebral joints), with the purpose of swaying the body backwards around the ankle joint (hence the nomenclature push-backward or posterior muscle mode-M-mode). A second group of muscles is formed by anterior muscles also crossing major joints but with the ability to sway the body forward. These investigations also provided evidence that the activation of such muscle modes co-vary to allow a stable trajectory of the body COP. Other investigations provided evidence that this synergistic organization changes according to the challenges imposed by the task (Danna-dos-Santos et al. 2008) , and suggest that the CNS optimizes its controlling mechanisms according to the imposed task requirements. These studies, however, were not designed to identify the neural mechanisms involved in the generation of such synergies. Our study has provided this additional step by providing initial evidence, indicating that their formation is driven by common input to different muscles.
In this present study, we aimed to examine a possible neural mechanism involved in the formation of these two synergistic groups (push-back and push-forward M-modes) by means of intermuscular coherence. More specifically, we investigated the hypothesis that correlated neural inputs may be a mechanism used to assemble these synergistic groups. The present results support the notion of correlated neural inputs during quiet stance as revealed by significant intermuscular coherence found within the frequency interval of 1-10 Hz among posterior and anterior synergistic muscles. Synchronization of EMG signals within this frequency interval (<10 Hz) is consistent with previous studies that reported similar findings during the execution of slow movements (Kamen and DeLuca 1992; Vallbo and Wessberg 1993; Farmer et al. 1993; DeLuca and Erim 2002) . In fact, similar results have been recently reported by us (Danna-dos-Santos et al. 2014) . In that study, we reported synchronizations that were not only concentrated between 1 and 10 Hz but also extended to frequencies up to 20 Hz. We believe that the major factor influencing these results is related to the type of task performed by the participants. More specifically, in this present study our participants stood up freely, while the participants in our previous study were standing under an induced isometric contraction of all muscles evaluated. Changes in intermuscular synchronizations as a function of the type of contraction and the appearance of multiple significant frequency bands have been reported by several studies, and they seem to point to changes on the neural mechanisms used to generate the motor outputs that are task specific (Farmer et al. 1993; MacAuley et al. 1997; Mima et al. 2000; Grosse et al. 2002) .
The neural sites responsible for the generation of such common input remain unclear, and multiple origins have been proposed in the literature. For example, Farmer et al. (1993) studied stroke survivors with damage to motor cortical areas and showed that despite cortical damage, intermuscular coherence was still present within the frequency interval of 1-12 Hz, suggesting that synchronization within this frequency interval was unlikely to originate within the motor cortex. Boonstra et al. (2009b) also showed that intermuscular coherence at 7-13 Hz between bilateral hand muscles was not synchronized with cortical activity, further supporting a sub-cortical origin of intermuscular coherence in the lower frequency band. In contrast, the collective results of Mima and colleagues (Mima and Hallett 1999; Mima et al. 2000 Mima et al. , 2001 have not only reported significant values of corticomuscular coherence within the frequency interval of 3-13 Hz for hand muscles, but they also extended this finding to other muscles such as the biceps brachii and abductor hallucis (intrinsic muscle of the foot). According to Mima et al. (2000) , synchronizations in this lower frequency band likely reflect the involvement of the inferior olive and the thalamic cortical loop as the possible sources or formation of synchronizations found between 3 and 13 Hz.
The strength of correlated neural inputs was similar across five of the six primary muscle pairs (all three posterior muscles pairs and two anterior muscle pairs). This is an interesting finding since within each muscle group these muscle pairs have distinct anatomical relations: The SOL/BF and TA/RF muscle pairs are formed by two adjacent muscles placed relatively more distally, whereas BF/ERE and RF/RA are muscle pairs formed by adjacent muscles placed more proximally; and the SOL/ERE and RF/RA are muscle pairs formed by one proximal and one distal muscle. This finding suggests that under the experimental circumstances investigated here, the M-modes are likely formed based on their functional role of moving the body either backward of forward, rather than based on their anatomical location. In addition, similar previous studies have shown evidence for common drive only present between pairs of muscles that share a common joint complex (e.g., Gibbs et al. 1995) . The functional role of the distribution of common neural inputs is also supported by the results showing no significant values of intermuscular coherence for those signals recorded from pairs of non-synergistic muscles (mixed group). These mixed pairs were formed by one anterior and one posterior muscle, and the lack of synchrony between them suggests that only muscles that are able to effectively control body oscillation in the anterior-posterior direction receive common neural inputs. This finding corroborates with the notion that the formation of synergistic muscle groups is task specific ). In the case of a quiet standing where most of the oscillatory body movement happens around the ankle joint (i.e., ankle-strategy), it is expected that muscles placed on either the anterior or posterior aspects of the axial skeleton are most effective in controlling body movements in the anterior-posterior direction. The activation of a mixed pair is not as mechanically effective to counteract movements around the ankle joint during quiet standing. Therefore, it is expected that the CNS will elicit the activation of muscle groups that are mechanically effective for the accomplishment of the task.
Moreover, the frequency profiles of common input were similar for the posterior and anterior muscle groups and hence may suggest that the posterior and anterior muscle groups received the same common input. However, intermuscular coherence was calculated across all time points and hence while the intermuscular coherence spectra had a similar frequency profile, the posterior and interior muscle groups may have received common input at different points in time (e.g., when the body is swaying either backward or forward). Indeed, Boonstra et al. (2009a) showed that bilateral TA muscles receive common 10 Hz input only in the most posterior position when swaying in anterior-posterior direction.
We found that intermuscular coherence decreased significantly when participants were asked to stand with eyes closed (EC condition), suggesting that visual information plays an important role in the formation of postural synergies during bipedal stance. Previous studies have shown mixed effects of the removal of visual information on intermuscular coherence. Boonstra et al. (2008) reported an increase in intermuscular coherence within the frequency band of 0-5 Hz between bilateral lower leg muscles (SOL and gastrocnemius) during the execution of quiet stance in the absence of visual inputs. In contrast, (Mochizuki et al. 2007) showed that common input to individual MUs of bilateral SOL muscles did not differ between standing with eyes opened or closed. The opposite effects on intralimb and inter-limb coherence may reflect a change in the control strategy after removing visual information, that is, the postural control strategy may depend more on proprioceptive information from the ankle joint in the absence of vision (cf. Saffer et al. 2008) . Consequently, changes in the availability of visual inputs change the organization of neural drive to synergistic muscles involved in postural control. While visual information appears to play an important role in the generation of common input, future studies investigating both intra-and inter-limb coherence are required to map the reorganization in common input after removing visual information.
Conclusions
We found that the coordination of postural muscles likely involve the distribution of common neural inputs to distinct muscles in order to form modal units that can be manipulated by the CNS. The synchronization patterns observed between muscle pairs (pooled and separately) were found to be concentrated within a frequency interval of 1-10 Hz. The synchronizations reported showed similar strength among six postural muscles and have been interpreted as a sign of a common neural drive underlying multi-muscle control. In addition, our results suggest that postural M-modes are likely formed based on their functional role of moving the body either backward of forward, rather than based on their anatomical location. We also found that the lack of vision during the execution of quiet stance task results in (1) a change to this drive and (2) this change affects all components of this synergistic group. These results indicate a key role of visual information in the generation of common input to muscles involved in postural control.
